A protein related to p21-activated kinase (PAK) that is involved in neurogenesis in the Drosophila adult central nervous system  by Melzig, Jörg et al.
Brief Communication 1223
A protein related to p21-activated kinase (PAK) that is involved in
neurogenesis in the Drosophila adult central nervous system 
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Martin Heisenberg* and Thomas Raabe*
Brains are organized by the developmental processes
generating them. The embryonic neurogenic phase of
Drosophila melanogaster has been studied in detail at
the genetic, cellular and molecular level [1–3]. In
contrast, much of what is known of postembryonic
brain development has been gathered by
neuroanatomical and gene expression studies. The
molecular mechanisms underlying cellular diversity and
structural organisation in the adult brain, such as the
establishment of the correct neuroblast number, the
spatial and temporal control of neuroblast proliferation,
cell fate determination, and the generation of the
precise pattern of neuronal connectivity, are largely
unknown. In a screen for viable mutations affecting
adult central brain structures, we isolated the
mushroom bodies tiny (mbt) gene of Drosophila, which
encodes a protein related to p21-activated kinase
(PAK). We show that mutations in mbt primarily
interfere with the generation or survival of the intrinsic
cells (Kenyon cells) of the mushroom body, a paired
neuropil structure in the adult brain involved in learning
and memory [4–6].
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Results and discusssion
Identification of mbt mutations
A collection of 2000 viable P-element insertion lines on
the X chromosome were established and histologically
screened for obvious adult brain abnormalities (see Sup-
plementary material published with this paper on the
internet). Two non-complementing mutant lines were iso-
lated that show a prominent reduction in the mushroom
body neuropil size in the hemizygous or homozygous state
(Figure 1b–g) and were therefore named mushroom bodies
tiny (mbtP1 and mbtP2). In mbt mutant flies, the calyx
(Figure 1c), the peduncle (Figure 1e) and the lobe system
(Figure 1g) of the mushroom bodies are reduced. The
Kenyon cell body layer above and behind the calyces is
thinner than in wild-type flies. The subdivision of the
lobe system is still maintained, however, and no Kenyon
cell fiber misrouting is observed (see also later results).
Other neuropil structures in mbt central brains are also
reduced in size, albeit to a much lesser degree (see Sup-
plementary material). Additionally, mbt flies have a rough
eye phenotype and bristle malformations. 
Molecular characterization of mbt
Both mbt alleles contain a P-element insertion at cytologi-
cal position 14E on the X chromosome. Genomic frag-
ments flanking the mbt P-insertion sites were recovered
and used to identify cDNA clones. All cDNAs belonged
to the same transcription unit (Figure 2a). The longest mbt
cDNA (3262 bp, EMBL accession number AJ011578) con-
tained a single open-reading frame of 1917 bp with in-
frame stop codons preceding the first initiation codon at
position 457, potentially encoding a 639 amino acid
polypetide with a predicted molecular weight of 69 kDa
(see Supplementary material)
Several lines of evidence suggest that the observed
mutant phenotypes are due to mutations in the isolated
gene. First, the P-insertion sites of mbtP1 and mbtP2 were
mapped to the first exon within the mbt coding sequence
(Figure 2a). Second, northern blot analyses revealed a
single 3.3 kb transcript that is expressed in wild-type
animals at different developmental stages but is absent in
mbtP1 and altered in mbtP2 (see Supplementary material).
Third, the mbt mutant phenotypes could be reverted by
precise excision of the P elements. New mbt alleles
created by imprecise excision of the mbtP1 and mbtP2 P ele-
ments did not show an enhanced mushroom body or eye
phenotype when transheterozygous with mbtP1. From
these data we conclude that mbtP1 represents a loss-of-
function allele. The synthesis of an aberrant transcript
could explain the slightly weaker mushroom body pheno-
type observed in mbtP2 (see Supplementary material).
Finally, expression of the mbt cDNA in transgenic flies
during mushroom body development using the Gal4/UAS
system [7] rescued the mbtP1 and mbtP2 mutant pheno-
types (see Supplementary material).
The mbt gene encodes a PAK-related protein 
The MBT protein sequence revealed significant homol-
ogy with the PAK family of serine/threonine kinases [8].
Several distinct PAK proteins were identified in different
vertebrate species including human, mouse and rat [9].
Thus far, only one Drosophila member of this family
(DPAK) has been described [10]. PAK proteins contain an
amino-terminal binding domain for the Rho subfamily of
Ras-related small GTPases (p21 proteins), a carboxy-ter-
minal kinase domain, and a heterotrimeric G-protein 
β-subunit binding site at the carboxyl terminus (Figure
2c) [11]. There are some differences between MBT and
other PAK family members, however. The p21-binding
domain of PAK is limited to 57 amino acids, with an
amino-terminal 16 amino acid core critical for binding to
the Rho-type GTPases Cdc42 and Rac in vitro [8,12]. The
core sequence of the MBT p21-binding domain is well
conserved with other PAK proteins, but the homology is
less significant in the carboxy-terminal half of the com-
plete putative MBT p21-binding domain (Figure 2b).
Interestingly, a Caenorhabditis elegans PAK-related protein
(referred to here as CePAK2), predicted from an open-
reading frame analysis of cosmid C45B11, shares extensive
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Figure 1
A genetic screen for structural brain mutants. (a) Surface rendering of
prominent neuropil structures in the adult Drosophila central brain after
neuropil staining and three-dimensional reconstruction of whole-mount
preparations in front of a maximum intensity projection that outlines the
whole brain neuropil. Antennal lobes are shown in yellow; ellipsoid
body, red; fan-shaped body, orange; mushroom bodies, blue. The
noduli are not visible in this frontal view and are located behind the
ellipsoid body. (b–g) Frontal sections (7 µm) from paraffin-embedded
heads of (b,d,f) wild-type and (c,e,g) mbtP1 adult brains at the level of
the (b,c) calyces, (d,e) peduncle and (f,g) lobe system stained with an
antibody against the 14-3-3 protein which is preferentially expressed in
the mushroom bodies and the ellipsoid body [19]. The Kenyon cell
bodies (Kcbs) of the mushroom bodies are located in the
dorsal–posterior cortex. Kenyon cell dendrites and extrinsic input fibers
constitute the calyx (ca). The Kenyon cell fibers form the peduncle
(ped) which projects anterior–ventrally where it divides into the dorsally
projecting α and α′ lobes and the medially projecting β, β′ and γ lobes
[6,20]. The mbt phenotype is characterized by a general reduction of
the mushroom body neuropil and Kenyon cell body volumes; the
overall architecture of the mushroom bodies is not disturbed, however.
Scale bar represents 50 µm.
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Figure 2
The mbt gene encodes a PAK-related protein. (a) Genomic
organization of the mbt locus. The horizontal line represents genomic
DNA. Restriction sites for BamHI (B) and EcoRI (E) are indicated. A
diagram of the mbt mRNA is shown below. Within the coding region
(boxes), sequences encoding the amino-terminal p21-binding domain
(PBD) and the carboxy-terminal G-protein β-subunit binding site are
represented by black boxes, and the kinase domain is shown in grey.
The P-element insertion sites for mbtP1 (P1) and mbtP2 (P2) are
located within the first exon, 39 bp and 181 bp downstream of the
predicted translation start site, respectively. (b) Alignment of the
putative PBD of MBT with the corresponding binding domains of
human PAK1 (EMBL accession number U51120) and Drosophila PAK
(accession number U49446) as representative members of the PAK
family and a C. elegans PAK-related protein (CePAK2) encoded by
cosmid C45B11 (accession number Z74029). Highly conserved
amino acids are indicated in grey, and amino acids conserved between
MBT/CePAK2 and hPAK1/DPAK are shown in light blue and dark
blue, respectively. The 16 amino acid core sequence of the PBD is
underlined [8,12]. (c) Alignment of the G-protein β-subunit binding site
of the Saccharomyces cerevisiae PAK homologue STE20 with the
corresponding MBT, DPAK and hPAK1 sequences. A fragment
containing residues 877–890 of STE20 is necessary and sufficient to
bind the G-protein β-subunit STE4 [11] and contains a number of
highly conserved residues (underlined).
(a)
(b)
MBT    11 ISMPSNFEHRVHTGFDKRENKYVGLPLQWASIVGNNQILKSSNRPLPLVDPSEITPT
CePAK2 36 ISTPSNFEHRIHAGFDARSGTYTGLPKQWQALLGPPR...SISRPKPMVDPSCITPV
hPAK1  75 ISLPSDFEHTIHVGFDAVTGEFTGMPEQWARLLQTSNITKSEQKKNPQAVLDVLEFY
DPAK   83 ISYPTNFEHTVHVGFDAVTGEFTGMPEAWARLLMNSNISKQEQKKNPQAVLDVLKWF
(c)
MBT  624 PPSLLVPLMRNARH
DPAK  686 PLASLTPLIMAAKE
hPAK1 526 PLSSLTPLIAAAKE
STE20 877 ANSSLAPLVKLARL
E B B E
P1
P2
1 kb5´ 3´
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homology with the complete MBT p21-binding domain
(Figure 2b). A second difference between the PAK pro-
teins so far described and MBT or CePAK2 is that MBT
and CePAK2 lack an amino-terminal proline-rich Src
homology 3 (SH3) domain binding motif. In hPAK1, this
sequence mediates binding to the SH3 domain of the
NCK adaptor protein [13]. The structural features of
MBT and CePAK2 indicate that these proteins may form
a new subclass of the PAK family.
Phenotypic analysis of mbt
Although PAK proteins were discovered by their ability to
bind Rac and Cdc42 [8], the biological function of PAK
proteins in mediating GTPase functions such as
cytoskeleton reorganization, neurite outgrowth, cell cycle
progression and activation of the Jun N-terminal kinase
(JNK) signaling cascade is not well understood [9,14,15].
The isolation of mutations in the mbt gene allowed us to
investigate the putative role of this PAK-related protein in
vivo. The dramatic reduction in mushroom body neuropil
volume in mbt correlates with a reduction in the Kenyon
cell body layer volume (see Supplementary material).
Compared to wild-type flies, neither Kenyon cell body
size nor packaging density are altered in mbt flies (8–10
Kenyon cell bodies per 100 µm2). We concluded that the
Kenyon cell number is reduced in mbt flies. Thus, the mbt
phenotype could be caused by a loss of mushroom body
neuroblasts, a defect in mushroom body neuroblast or gan-
glion mother cell proliferation, or increased cell death
among Kenyon cells. 
Labeling mitotically active mushroom body neuroblasts at
early larval stages with bromodeoxyuridine (BrdU) [16]
showed that most mbt larvae contained the wild-type
number of four mushroom body neuroblasts in each brain
hemisphere. Very few mbt larvae had a reduced number of
labeled mushroom body neuroblasts (Figure 3a,b). In wild-
type animals, the four mushroom body neuroblasts in each
brain hemisphere proliferate throughout development and
contribute equally to the entire adult mushroom body
structure [16,17]. The resulting four-fold clustering within
the cell body layer and the fiber projections can be visual-
ized in three-dimensional reconstructions of Gal4 enhancer
trap lines labeling subsets of Kenyon cells in each of the
four cell clusters (Figure 3c) [17,18]. In most adult mbt
brains, the four-fold clustering of the mushroom bodies was
preserved whereas a dramatic decrease in the number of
labeled cells in each cluster and in the fiber tract diameter
was observed (Figure 3d). Occasionally, mbt mushroom
bodies showed only two or three clusters indicating a loss of
mushroom body neuroblasts or a complete failure of some
neuroblasts to proliferate (Figure 3d). No Kenyon cell fiber
misrouting was observed in mbt mutant flies, however.
In addition to the defects in the central brain, mbt flies
have a rough eye phenotype. Tangential sections revealed
that a variable number of photoreceptor cells in many
ommatidia were missing (Figure 4a,b). At least in the case
of the R7 and the R8 photoreceptor axons, the innervation
pattern in the medulla appeared to be normal
(Figure 4c,d). 
In summary, our experiments indicate that the MBT
protein could be part of a more general mechanism regu-
lating cell number in a variety of neuronal tissues. Utiliz-
ing both genetic approaches and in vitro assays will allow
us to identify components of the MBT signaling pathway
and to analyse their function during neuronal develop-
ment in vivo.
Materials and methods
Confocal microscopy 
For confocal images, intact adult brains from mbtP1 flies or control
animals coexpressing the UAS-lacZ reporter construct [7] and mush-
room-body-specific Gal4 enhancer trap lines [18] (H.P. and T.R.,
unpublished observations) were dissected and fixed for 1 h in 2%
paraformaldehyde. A rabbit anti-β-galactosidase primary antibody
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Figure 3
Phenotypic analysis of mbt. (a,b) Dorso-lateral view of BrdU-labeled
mushroom body neuroblasts [16] at 1–8 h after larval hatching. In (a)
wild type, four neuroblasts (arrowheads) are visible; associated
ganglion mother cells are occasionally also seen (arrows). In (b) mbtP1,
the number of labeled mushroom body neuroblasts is sometimes
reduced. (c,d) Frontal view of three-dimensional reconstructions of
adult (c) wild-type and (d) mbtP1 mushroom bodies. Gal4 line 17d
labels a subset of cells in each of the four clonal units (asterisks) that
form the inner part of the peduncle (ped) and the α/β lobes. The main
defect in mbt is a marked decrease in mushroom body cell number.
(d) Only small cell clusters (asterisks) and thin fiber bundles (arrow)
can be detected. In addition, the four-fold symmetry in the left
mushroom body in (d) is disturbed. Fibers that form the outer shell of
the peduncle, the α′, β′ and γ lobes of the mushroom bodies [6,20],
are present in mbt (Figure 1g), but are not labeled with line 17d. Kcb
indicates Kenyon cell body; scale bars represent 50 µm.
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(Cappel) and a Cy3-conjugated secondary antibody (Jackson Immuno
Research) were used to reveal the expression of the reporter construct.
Optical sections were recorded with a step size of 0.8 µm using a
LeicaTCS laser confocal microscope. For three-dimensional recon-
structions, the AMIRA program (Zuse Institut für Informationstechnolo-
gie) was used. The staining and data recording for Figure 1a essentially
followed the same procedure with the exception that a neuropil-spe-
cific primary antibody was used. 
Supplementary material
Four figures showing the effect of the mbtP1 mutation on different
central brain structures, the MBT protein sequence, northern blot analy-
sis and transgenic rescue of the mbt phenotype, and additional method-
ological details are published with this paper on the internet. 
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Figure 4
The mbt gene affects cell number but not axonal projections in the
adult eye. Tangential sections of adult (a) wild-type and (b) mbtP1 eyes
are shown. Each ommatidium comprises eight photoreceptor cells
(R1–R8) and 12 accessory cells. (a) R1–R6 have large rhabdomeres,
the central R7 rhabdomere is small. The rhabdomere of the R8 cell is
not visible in this apical section. (b) In mbt mutant ommatidia, a variable
number of photoreceptor cells are missing (arrowheads). Scale bar
represents 10 µm. (c,d) Cryostat sections of adult wild-type and mbtP1
heads stained with the photoreceptor-cell-specific antibody nb181. In
(c) wild type, axons from photoreceptors R1–R6 terminate in the
lamina (la). Because of the high density of R cell fibers in the lamina,
individual fibers cannot be distinguished. The axons from
photoreceptor cells R7 and R8 terminate in distinct layers in the
medulla (me). (d) Despite the frequent loss of photoreceptor cells in
mbt mutant eyes, no misrouting of the R7 and R8 cell fibers in the
medulla was observed. The label lo indicates lobula; lp, lobula plate;
scale bar represents 50 µm.
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S1
Supplementary materials and methods
Genetics
Fly cultures and crosses were performed according to standard proce-
dures. Genetic markers and chromosomes have been described [S1]. All
P-element insertion lines on the X chromosome (U.S. and H.J., unpub-
lished observations) were derived from a parental strain which carried the
P[lacW] element on the second chromosome. For mobilisation of the
P[lacW] element, w/w; P[lacW]/P[lacW]; +/+ females were crossed to
w/Y; Sp/CyO; P[ry+ ∆2-3]/TM6 males. Males of the genotype w/Y;
P[lacW]/ CyO; P[ry+ ∆2-3]/+ were isolated and crossed to FM6/FM6
females. Single w/FM6; CyO/+; +/+ females with red pigmented eyes
indicating a new P[lacW] insertion were crossed to FM7c/Y males. All X-
chromosome insertions resulted in balanced stocks. Insertions on other
chromosomes yielded also white-eyed flies in the progeny and were dis-
carded. 2000 viable X-chromosome insertion lines were screened on his-
tological sections for structural brain abnormalities compared to wild type
(Berlin) as a reference strain. Four lines (mbtP1, mbtP2 and two yet unchar-
acterized lines) showed changes in brain morphology. To test whether the
P-element insertions were linked to the observed phenotypes, P-element
excision lines were generated using the P[ry+ ∆2-3] transposase. Precise
excision of the mbtP1 and mbtP2 P element resulted in reversion of 
the mushroom body and eye phenotypes. Mutant lines generated by 
imprecise excision of the mbtP1 and mbtP2 P element did not show an 
enhancement of the mushroom body or eye phenotype in transheterozy-
gous mbtP1 females. In addition, complementation tests between the mbt
mutations and deficiencies created on the duplication Dp(1;4)r+ f+ [S2]
verified the localization of mbt at cytological position 14E.
Transformant lines carrying the UAS-mbt construct were generated
and mapped by standard procedures. To test whether the UAS-mbt
transgene could rescue the defects of mbt flies, mbtP1 (P2)/FM7; UAS-
mbt/+ animals were crossed to a collection of Gal4 enhancer trap lines
that show different spatial-temporal expression patterns in the mush-
room bodies ([18]; H.P. and T.R., unpublished observations). Gal4 line
238Y shows expression throughout mushroom body development
[18,S3] and in the eye–antennal imaginal disc (T.R., unpublished
observations) and in combination with different UAS-mbt transgenic
lines rescued the mushroom body and eye defects of mbtP1 and mbtP2.
Histology
Mutant strains were isolated by mass histology [S4]. For each of the
2000 P-element lines, frontal sections (7 µm) of paraffin-embedded
heads from three animals were analysed. The mushroom body neuropil
and cell body volumes of mbt and wild-type flies were evaluated by
planimetric measurements of paraffin sections stained with an anti-14-
3-3 antibody [14]. The volumes of other neuropil structures were calcu-
lated from autofluorescent paraffin sections [S4]. Kenyon cell numbers
were scored in randomly chosen 100 µm2 areas of the cell body layer
after staining with the anti-14-3-3 antibody. Immunostaining of frozen
sections with monoclonal antibody nb181 [S5] was carried out as
described previously [S6]. Semithin sections of adult Drosophila eyes
were prepared as described previously [S7].
Molecular analysis
Northern blot analysis of poly(A+) RNA (Pharmacia mRNA purification
kit) and standard recombinant DNA procedures were performed as
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Figure S1
The mbt gene affects central brain structures to a different degree.
Quantification of the volumes of neuropil structures in the central brain
of wild-type (WT, Berlin) and mbtP1 flies. The mean neuropil volumes
were calculated from at least nine individuals. In addition, the mean
Kenyon cell body layer volume (Kcb, n = 10) was determined.
Mushroom bodies are indicated by mb; fan-shaped body, fb; ellipsoid
body, eb; noduli, no; antennal lobes, al.
WT (Berlin)
mbtP1
0
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Figure S2
Predicted amino acid sequence of MBT (EMBL accession number
AJ011578). The putative p21-binding domain is underlined with a solid
line, the serine/threonine kinase domain is underlined with a broken
line, and the sequence motif matching the binding site for the
heterotrimeric G-protein β-subunit is shown in bold.
1    MFSKKKKKPL ISMPSNFEHR VHTGFDKREN KYVGLPLQWA SIVGNNQILK
51   SSNRPLPLVD PSEITPTEIL DLKTIVRPHH NNNKADTTSL NSSSTMMMGS
101  MAPMNPMAPG AHPMMSHGPG MMMPPETGGI VLPKTSHVAR SNSLRSSSPP
151  RVRRVANVPP SVPEEEGPPA AGTPGVGGAS SGGFKPPGAH PSLLYNSQHA
201  HANGATGPLA VRTDQTNLQQ YRSNLAPPSG GSMPQQQQTS PVGSVASGTR
251  SNHSHTNNGN SGGSYPPMYP TSHQQQQQQQ QQAKQGGDQN QNPLHPHAHP
301  HPHHHQHLAK SASRASSSSG GASSAAQQAS GASGGAAGQP KQDQRLTHEQ
351  FRAALQMVVS AGDPRENLDH FNKIGEGSTG TVCIATDKST GRQVAVKKMD
401  LRKQQRRELL FNEVVIMRDY HHPNIVETYS SFLVNDELWV VMEYLEGGAL
451  TDIVTHSRMD EEQIATVCKQ CLKALAYLHS QGVIHRDIKS DSILLAADGR
501  VKLSDFGFCA QVSQELPKRK SLVGTPYWMS PEVISRLPYG PEVDIWSLGI
551  MVIEMVDGEP PFFNEPPLQA MRRIRDMQPP NLKNAHKVSP RLQSFLDRML
601  VRDPAQRATA AELLAHPFLR QAGPPSLLVP LMRNARHHP*
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described [S8]. Genomic fragments flanking the mbtP1 and mbtP2 P-
element insertions sites were cloned by plasmid rescue and partially
sequenced. The genomic sequences matched to several expressed
sequence tag (EST) sequences (BDGP/HHMI Drosophila EST
Project). Sequencing and restriction mapping of the corresponding
cDNAs and of cDNAs isolated from an embryonic cDNA library (Strata-
gene) showed that all cDNAs had the same 3′ end but extended to dif-
ferent lengths in the 5′ direction. Sequencing of the longest cDNA was
performed using the AmpliTaq DyeTerminator Sequencing kit (ABI).
The genomic organisation was determined by sequencing the corre-
sponding genomic fragments. DNA and protein databases were
searched for homologous sequences using the BLAST program. The
UAS-mbt rescue construct was produced by cloning the largest mbt
cDNA as a NotI–Asp718 fragment into the pUAST vector [7]. 
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Figure S3
Northern blot analysis. Poly(A+) RNA (2 µg each lane) isolated from
embryos (lanes 1–3) and adults (lanes 4–6) probed with the mbt
cDNA. In wild type, a single transcript of 3.3 kb is detected in embryos
(lane 1) and adults (lane 4). In mbtP2, a larger transcript (arrowhead) is
seen in embryos (lane 2) but not in adults (lane 5). In mbtP1, expression
of the mbt transcript is eliminated (lanes 3,6). 
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Figure S4
Transgenic rescue of the mbt phenotype. Quantification of the calyx
volumes of wild-type (WT) and mbtP1 males. The calyx volume in mbtP1
is reduced to a similar degree as the whole mushroom body neuropil
(Figure S1). The calyx volume reduction in mbtP2 is weaker than in mbtP1
and could be explained by the synthesis of an aberrant transcript in
mbtP2 (Figure S3). A randomly chosen X-chromosomal P-element
insertion line (P7648) derived from the same screen was included as a
further control to exclude the possibility that the observed phenotypes
are due to the genetic background of the P-element strains. Expression
of different UAS:mbt transgenes (T26 and T67 or a combination of both
transgenes) with Gal4 line 238Y [18,S3] rescued the mbtP1 and mbtP2
mushroom body and eye (data not shown) defects. Expression of these
transgenes with Gal4 line 238Y in a wild-type background causes no
obvious phenotype in the mushroom bodies or the eye (data not shown).
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